was achieved in all derived populations during the ratchet experiment. all the chlorophyceans were able to adapt to up to 270 μM of copper sulfate, but 10 μM was the highest concentration that M. aeruginosa strains were able to cope with, although one of the replicates adapted to 30 μM. the recurrent use and increasing doses of copper in water reservoirs could lead to the selection of copper-resistant mutants of both chlorophyceans and cyanobacteria. however, under high concentrations of copper, the composition of phytoplankton community could undergo a drastic change with cyanobacteria being replaced by copper-resistant chlorophyceans. this result stems from a distinct evolutionary potential of these species to adapt to this substance.
Introduction
among other functions, copper serves as a critical cofactor for many of the electron carriers involved in oxidative phosphorylation and photosynthesis (Dalcorso 2012) . however, the reactivity of copper, which makes it so effective in redox reactions, also determines its toxicity (Barón et al. 1995; himelblau and amasino 2000) . the presence of copper concentrations higher than the optimum for growth has toxic effects in phytoplankton (Brand et al. 1986; Pinto et al. 2003; Bossuyt and Janssen 2004; De schamphelaere et al. 2005; tripathi et al. 2006; Wu et al. 2007) . For this reason, copper sulfate, and copper-containing chemicals in general, have been applied as biocides to prevent cyanobacteria blooms since the early 1900s (Moore and Kellerman 1904) , and are still the most widely used chemicals for the management of cyanobacteria growth in inland waters Abstract copper is one of the most frequently used algaecides to control blooms of toxic cyanobacteria in water supply reservoirs. among the negative impacts derived from the use of this substance is the increasing resistance of cyanobacteria to copper toxicity, as well as changes in the community structure of native phytoplankton. here, we used the ratchet protocol to investigate the differential evolution and maximum adaptation capacity of selected freshwater phytoplankton species to the exposure of increasing doses of copper. Initially, a dose of 2.5 μM cusO 4 ·5h 2 O was able to completely inhibit growth in three strains of the toxic cyanobacterium Microcystis aeruginosa, whereas growth of the chlorophyceans Dictyosphaerium chlorelloides and Desmodesmus intermedius (represented by two different strains) was completely abolished at 12 μM. a significant increase in resistance communicated by elena litchman.
M. rouco · V. lópez-rodas · r. gonzález · e. costas Departamento de Producción animal (genética), Facultad de Veterinaria, universidad complutense, avda. Puerta de hierro s/n, 28040 Madrid, spain (Jancula and Marsalek 2011) . the control of cyanobacteria blooms, and especially those caused by the cyanobacterium Microcystis aeruginosa (Kützing) Kützing, is crucial, since cyanotoxins constitute a serious health threat to humans (codd et al. 1999; carmichael et al. 2001; azevedo et al. 2002; chen et al. 2009a ) and wildlife (carmichael and hui 2006; lópez-rodas et al. 2008; chen et al. 2009b ). regulations and restrictions in the use of copper are increasing in different countries due to concerns about secondary reactions resulting from the release of cyanotoxins into the water after cell lysis (lam et al. 1995) . In addition, recurrent treatments can induce the selection of copper-resistant alleles, requiring an increase in toxic doses. For instance, cyanobacteria appeared to become increasingly resistant after 26 years of use in some copper-treated Minnesota lakes (Pimentel 1971) , possibly due to the selection of resistant genotypes.
the adaptation of the organisms to a given pollutant can increase in different ways: within limits, by physiological adaptation (acclimation) through the modification of the expression of genes already present in the populations, occurring in a short time period (days to weeks) and within one organism's lifetime (Bradshaw and hardwick 1989; Fogg 2001) ; or, beyond physiological limits, the survival depends exclusively on genetic adaptation supported by the selection of resistant genotypes which appear as a consequence of spontaneous mutations (Belfiore and anderson 2001) . Both adaptation mechanisms cause changes in the natural community structure exposed to pollutants, when sensitive species are replaced by tolerant ones. this idea is the base of the pollution-induced community tolerance (PIct) studies (Blanck et al. 1988 ) which accept that a community previously exposed to a pollutant is more tolerant than a native community never exposed to it. Both laboratory (soldo and Behra 2000; Ianacone and touchette 2008) and in situ studies (Padovesi-Fonseca and Philomeno 2004; twiss et al. 2004; le Jeune et al. 2006; atazadeh et al. 2009 ) have examined the changes in the size-class structure of phytoplankton communities following copper applications. all these studies concur with changes in structure of the phytoplankton communities, from a cyanobacterial community to the dominance of chlorophyceans. In addition, long-term studies have demonstrated an increase in the short-term tolerance to copper of the communities exposed to low concentrations of the chemical for some weeks (soldo and Behra 2000) . On the other hand, it has been found that cyanobacteria appear to have a lower degree of tolerance to copper among phytoplankton organisms (takamura et al. 1990; hadjoudja et al. 2009; Zeng et al. 2010) . although it has been demonstrated that experimental cultures of M. aeruginosa are able to adapt to lethal doses of copper by means of genetic adaptation (garcía-Villada et al. 2004) , it is not clear if the adaptation process to copper toxicity in other phytoplankton lineages was physiological or genetic because sub-lethal doses were assayed (Bossuyt and Janssen 2004; hadjouda et al. 2009 ). Moreover, experimental assays evaluating the maximum capacity of an organism to adapt to a given pollutant have not been reported until very recently (reboud et al. 2007; huertas et al. 2010) , and the maximum capacity to copper tolerance in phytoplankton remains unknown.
the aim of this work was to analyse the differential evolutionary potential of three strains of the cyanobacterium M. aeruginosa, and two species of chlorophyceans (in one of them, represented by two strains), to grow under increased concentrations of copper. all the strains used were isolated from pristine water bodies free of any documented previous application of copper. a ratchet experiment was carried out in order to determine the limits of genetic adaptation in the different species, as well as in strains within species, as a model of the evolution of these populations in natural environments. the mechanisms allowing the adaptation processes to copper (acclimation vs. genetic adaptation, or both simultaneously) were also disentangled.
Materials and methods
experimental organisms and culture conditions the cyanobacterium Microcystis aeruginosa (Kützing) Kützing was selected because this species is the most common bloom-forming and harmful cyanobacteria in natural reservoirs (sivonen and Jones 1999), while Dictyosphaerium chlorelloides (naumann) Komárek and Perman and Desmodesmus intermedius (chodat) e. h. hegewald were selected as models of chlorophyceans from freshwater ecosystems. the strains are deposited in the algal culture collection of the universidad complutense (Madrid, spain) . all the strains used in the experiments were isolated from pristine water bodies where the application of copper sulfate has not been previously documented. the three strains of the cyanobacterium M. aeruginosa (Ma3D, Ma6D and Ma7D) were isolated from different lagoons in the Doñana national Park (sW spain) in april 2001. the strain Dc1M of the chlorophycean D. chlorelloides was isolated from a slightly alkaline (ph 8.0) mountain lake from sierra nevada (sW spain) in July 2000. the strain siD of the chlorophycean D. intermedius was isolated from a lagoon in Doñana national Park (sW spain) in april 2001, whereas the strain siM from the same species was collected from a lagoon in Mauritania in June 2007. Details of isolation procedures were described in carrillo et al. (2003) for M. aeruginosa and in Marvá et al. (2010) for the chlorophyceans.
all cultures were grown axenically in ventilated cellculture flasks covered with filter caps (greiner; Bio-One, longwood, nJ, usa) containing 20 ml of Bg11 medium (sigma-aldrich chemie, taufkirchen, germany). cultures were incubated at 22 °c under a continuous photon flux density of 60 μmol m −2 s −1 over the waveband 400-700 nm provided by cool-white fluorescent lamps. cultures were maintained in mid-log exponential growth by serial transfers of an inoculum to fresh medium. Before experiments, cultures were re-cloned by isolating a single cell in order to minimize the probability of including any previous spontaneous mutants that might have accumulated in the cultures. For this purpose, serial dilutions were made from a concentrated inoculum (andersen and Kawachi 2005) by using a 96-well flat-bottom microplate. In the first well, 10 3 cells were present in a total volume of 100 µl. the exact number of cells was obtained by collecting 100 µl out of a culture fitted to a cell concentration of 10 4 ml −1 . In each dilution step, a 1:10 dilution was obtained by transferring 10 µl from the previous well to the following one, where 90 µl of Bg11 had been previously disposed. the presence of a single cell was usually achieved in the fourth-sixth step, and it was checked by microscope by two independent observers. toxicity test: effect of copper on the growth rate of the wild-type strains to determine the toxic effect of copper on the growth rate of the wild-type strains, each strain was exposed to seven dilutions (from 0.9 and increasing by a multiplicative 1.7 factor, to 21 μM) of copper (II) sulfate pentahydrate (cusO 4 ·5h 2 O) (sigma aldrich chemie) prepared in Bg11 medium. each experimental culture (20 ml Bg11 medium) was inoculated with 1.5 × 10 5 cells from mid-log exponentially growing cultures. all the experiments as well as unexposed controls were performed in triplicate.
the toxic effect of copper was then estimated by calculating the acclimated maximal growth rate (m) in mid-log exponentially growing cells (under the same conditions defined for the culture conditions of the cell stocks; see above), in the presence of increasing concentrations of the algaecide, according to crow and Kimura (1970): where N t and N 0 were the cell numbers at the end and at the start of the experiment, respectively, and t = 5 days was the time of exposure to copper sulfate. cell numbers from experimental cultures and controls were directly counted under an inverted microscope (axiovert 35; Zeiss, Oberkochen, germany) using uriglass settling chambers (Biosiga, cona, Italy) . the concentration of cusO 4 ·5h 2 O (1) m = Log e (N t /N 0 )/t causing 100 % of growth inhibition was considered as the lethal dose for each independent strain. experimental design: ratchet protocol to study the evolution of each phytoplankton strain to increasing concentrations of copper, as well as to estimate the maximum copper concentration to which they were able to adapt, a modified ratchet protocol was carried out, as previously described by huertas et al. (2010) . a requisite in this experimental design is to balance a strong selection pressure and a population size large enough to assure the occurrence of new mutations that confer resistance. For this purpose, experimental cultures were inoculated with an elevated cell density and exposed to three different selection levels in each ratchet cycle (Fig. 1) . all experiments were triplicated at each of the three initial doses. In parallel, three unexposed cultures were started at time zero. cultures were grown in 5-ml culture tubes and inoculated with 3 × 10 5 cells obtained from mid-exponentially growing cultures. the usual copper sulfate concentrations added to water systems to control phytoplankton blooms range from 0.4 to 15.7 μM ( Van hullebusch et al. 2002) . For this reason, the lowest dose selected in the ratchet experiments was 1 μM, in order to simulate the increase in copper sulfate concentration over the years. the three initial doses of cusO 4 ·5h 2 O, for each of the six strains in the first ratchet cycle, were 1, 3 and 10 μM (Fig. 1) .
cultures were grown for at least 15 days (ca. six to eight generations in this time period, depending on the taxa and the strains), to allow reaching a large final population and increasing the chances for resistant mutations to occur. after this fixed time, the cell density present in exposed cultures was compared to that of control populations (unexposed cultures) . cultures with a similar or higher cell density than control populations were ratcheted to the next cycle and exposed to a higher copper dose (Fig. 1) . each ratchet cycle entailed a threefold copper dose increase. thus, succeeding ratchet cycles in our experimental set up were 30, 90, 270 and 810 μM cusO 4 ·5h 2 O (Fig. 1) . It must be highlighted that each replicate is an independent population, and they could be ratcheted to the next cycle at different times once they had reached the desired cell density. this means that each independent population has a different random chance to experience a mutation conferring copper resistance. at the starting point of each ratchet cycle, both control and treated cultures were inoculated with the same cell concentrations than those used at the beginning of the ratchet experiment (i.e. 3 × 10 5 cells). cultures with a lower cell concentration than unexposed cultures were not transferred and were considered again after the end of the next ratchet cycle period.
3
cell densities from all cultures but D. intermedius were determined with a Beckman (Brea, ca, usa) Z2 particle counter. For D. intermedius cell counts were performed in uriglass settling chambers (Biosiga) under an inverted microscope (axiovert 35; Zeiss). a population was considered to have reached the maximum capacity of adaptation when no further cell growth was observed after 120 days exposure. thus, the number of ratchet cycles was then species-and strain (species)-dependent, as growth was a function of their differential evolutionary potential to adapt to the selecting conditions. the number of generations (g) during the ratchet cycles was computed in accordance with novick and szilard (1950): where N t and N 0 were the number of cells at time t (when the cell density in the culture was similar to that in the control) and time 0, respectively.
acclimation versus genetic adaptation
For this experiment, all strains were not used, and only the strain Ma3D of M. aeruginosa, D. chlorelloides and the strain siD of D. intermedius were selected as models. In order to test whether the maximum adaptation capacity to copper resulted from acclimation or by selection of new genetic variants arising by mutations, the cells adapted to the highest copper level after running the ratchet experiment were transferred for 15 days to copper-free Bg11 medium and the m value determined as explained above (see eq. 1). It must be highlighted that, at least for bacteria, seven generations are enough to check if the adaptation process is assured by means of acclimation or by genetic mechanisms (cooper 1991). after 15 days in copper-free Bg11 medium, the cells were transferred for another 15 days to Bg11 medium supplemented with 10 μM cusO 4 ·5h 2 O for M. aeruginosa (strain Ma3D) and 270 μM cusO 4 ·5h 2 O for the chlorophyceans (i.e. the highest copper level at which cells adapted), and the m value was newly measured. genetic adaptation can be recognized by a similar m value in the copper-adapted cells, before and after the addition of copper. alternatively, if acclimation was involved in the adaptation process (although genetic adaptation cannot be totally rejected) the m value must be significantly lower after the addition of copper. Five independent cultures of the cells which achieved the maximum adaptation level
were founded with an initial inoculum of 1.5 × 10 5 cells in 20 ml culture medium. the final density of cells ranged 1.5-2.3 × 10 7 cells after 15 days in both free-copper Bg11 culture medium and Bg11 supplemented with copper. comparisons of the m values at the start of the ratchet experiment and in the copper-adapted cells in the freecopper Bg11 culture medium, or in Bg11 supplemented with the highest copper-level allowing adaptation, were performed using the non-parametric Kruskall-Wallis H test; when significant differences were found, the MannWhitney test, with the Bonferroni correction, was applied. the statistical tests were performed using the free software Past v.2.17 (hammer et al. 2001) accessible at http://nhm2.uio.no/norlex/past/download.html.
Results
the acclimated maximal growth rate of the ancestral cells (before the ratchet experiment) of all of the freshwater phytoplankton taxa tested in this study, was negatively affected as a function of copper concentration but the effect was more drastic in the three strains of the cyanobacterium M. aeruginosa than in the chlorophyceans (Fig. 2) . the lethal dose of copper sulfate for the ancestral strains of the cyanobacterium M. aeruginosa was 2.5 µM, but 12 µM was necessary to completely inhibit the growth of the three chlorohycean strains (Fig. 2) .
after running the ratchet experiment, it was found that the chlorophyceans showed a greater adaptation capacity to copper toxicity than the cyanobacterium M. aeruginosa (Fig. 3) . For instance, two of the three independent culture replicates of D. chlorelloides, and all of the replicates in the two strains of D. intermedius, were able to adapt up to 270 μM copper sulfate after all the ratchet cycles ( Fig. 3a-c) . In contrast, 10 μM copper sulfate was the highest concentration to which M. aeruginosa was able to adapt ( Fig. 3d-f ), although one of the replicates from strain Ma3D adapted to 30 μM (Fig. 3d) . that is to say, copper sulfate resistance of chlorophyceans increased almost 22 times (from 12 to 270 μM) while the resistance of the cyanobacterium M. aeruginosa increased only 4-12 times (from 2.5 to 10-30 μM). since each replicate evolved as an independent population, within-strain differences can be analyzed independently. Overall, the three replicates of the same strain showed different patterns during the ratchet experiment, and inter-replicate variation was observed as the assay proceeded, especially when upper doses were reached. For instance, one replicate of D. chlorelloides was able to grow up to 30 μM of copper sulfate after ca. 160 generations, whereas the other replicate required ≈23 more generations to be able to grow at the same copper sulfate concentration; the third replicate was unable to adapt to 30 μM of copper sulfate (Fig. 3a) . similarly, a differential adaptation history within replicates was detected at the highest copper sulfate concentrations in the three strains of M. aeruginosa (Fig. 3d-f) .
In order to disentangle genetic adaptation and acclimation as components of final adaptation, the acclimated maximal growth rate (m) of the cells which achieved the adaption to the highest copper level, were used as models and three strains were selected representing all the taxa tested in the ratchet experiment. no significant differences in the m values of the copper-adapted cells, cultivated with or without copper, was detected (table 1), clearly suggesting that adaptation to the highest copper level was a consequence of the selection of copper-resistant mutants rather than acclimation. On the other hand, the m value of the ancestral cells was 1.5-3 times higher than that found in the copperadapted cells, in the three species tested (table 1).
Discussion
In this study, doses of copper five times lower were necessary to completely inhibit the growth of the ancestral, wild-type strains of the cyanobacterium M. aeruginosa compared to their chlorophyceans counterpart. this is in accordance with previous work which demonstrated that cyanobacteria are more adversely affected by copper than eukaryotic species (takamura et al. 1989 , 1990 Ma 2005; hadjoudja et al. 2009; Zeng et al. 2010) . this fact may be attributed to their simpler cell organization in relation to eukaryotic microalgae. In prokaryotes, detoxification of heavy metals relies basically on cytoplasmic efflux (silver 1996) . although this mechanism is also present in algae and plants, the storing of metals in the vacuole is fundamental for heavy metal tolerance in eukaryotes (hall 2002; Manara 2012) .
the purpose of this work was to investigate the differential evolutionary potential of six strains of phytoplankton organisms to adapt to increasing concentrations of copper. the strains tested here were used as model organisms belonging to two of the main phytoplankton lineages in freshwater ecosystems (cyanobacteria and chlorophyceans). By means of the ratchet protocol, we could determine their maximum capacity to adapt to this substance under the conditions of this study. after the ratchet experiment, chlorophyceans were able to grow up to 270 μM copper sulfate whereas the cyanobacterium M. aeruginosa could only cope with copper concentrations 10-30 times lower. If mutations conferring resistance to higher concentrations than 270 or 10-30 μM copper sulfate for the chlorophyceans and M. aeruginosa strains, respectively, were very rare, it might be that, under natural conditions where a higher number of total cells is present, this maximum adaptation capacity would be higher. however, a similar difference between the potential adaptation of M. aeruginosa and the chlorophyceans could still be expected. taken as a whole the initial lethal doses of copper and the maximum adaptation capacity to this compound, it can be hypothesized that cyanobacteria could be replaced by chlorophyceans in natural freshwater ecosystems under a scenario of constant and increased copper pollution. In fact, under copper pollution (but at a concentration two orders of magnitude lower than in the highest concentration tested in our ratchet protocol), experimental phytoplankton communities showed that cyanobacteria are substituted by chlorophyceans (soldo and Behra 2000; Iannacone and touchette 2008). along the ratcheted cycles, there are two main mechanisms that could allow the process of adaptation to copper: acclimation and genetic adaptation. the ratchet protocol is not aimed at disentangling these two mechanisms. however, it could still be possible to hypothesize that the predominant adaptation process to copper levels below the ancestral lethal concentration (1 μM copper sulfate in M. aeruginosa and up to 10 μM copper sulfate in the three chlorophycean strains) was supported by acclimation. Following this reasoning, genetic adaptation must have been the mechanism allowing growth at the highest copper levels. In fact, a luria-Delbrück fluctuation test unequivocally demonstrated that M. aeruginosa copper-resistant mutants arose by spontaneous mutations that occurred randomly prior to the exposition to lethal doses of copper sulfate (garcía-Villada et al. 2004) . Moreover, the complementary experiment carried out with the cells adapted to the highest level copper (table 1) unequivocally demonstrated that genetic adaptation was the mechanism allowing the adaptation to the highest copper level (i.e. the selection of new genetic variants arising by mutations; it must be highlighted that asexually growing clonal cultures were used). On the other hand, genetic drift events as a consequence of "sampling errors", when the number of individuals in populations becomes relatively low at a given moment (crow and Kimura 1970), were extremely unlikely because 3 × 10 5 cells were transferred in each step of the experiment. similarly, genetic mechanisms allowed the adaptation of microalgae to concentrations of petroleum exceeding their physiological limits, but acclimation mechanisms allowed their survival under low concentrations of petroleum (romero-lópez et al. 2012) . Moreover, it has been proposed that the different adaptation mechanisms operate in natural microalgal communities along a natural stress gradient, with the mutation-selection balance occurring under the most severe, lethal conditions, and acclimatization under a lower, non-lethal stress (lópez-rodas et al. 2008, 2011) . Finally, it must be taken into account that, in the ratchet protocol, each replicate is an independent population which evolves from a few founder cells. at the highest doses of copper, an inter-replicate variability in the number of generations required for adaptation was observed, supporting the hypothesis that the adaptation process was due to genetics. the explanation for this is that inter-replicate variability can only be observed if the adaptation was based on mutation-selection equilibrium, where mutations occur randomly. In contrast, no variability among replicates must occur if the adaptation is supported by an acclimation process because all the cells in all the replicates must have the same chance to develop adaptation.
results from this work also give some insights into the appearance of increasing copper resistance in natural populations of M. aeruginosa, due to the continuous use of copper as an algaecide. When copper-resistant mutant cells were grown in the absence of copper in this study, acclimated maximal growth rate was 1.5-3 times lower than for the wild-type counterpart. this suggests that, in absence of copper in the natural environment, copper-resistant mutants can be out-competed by the wild-type strain. however, transitory copper treatments, but at concentrations higher than the lethal dose for M. aeruginosa populations, could limit the appearance of copper-resistant cells. From an environmental point of view, other considerations, such as copper dynamics in the water and sediments, as well as copper toxic doses in higher trophic levels, should also be taken into account before making a strong conclusion regarding the use of copper as an algaecide.
this work shows the robustness of the ratchet protocol as a tool for the study of the evolutionary potential of phytoplankton organisms to adapt to copper and other aquatic pollutants in order to gain insights into the future direction of phytoplankton communities.
